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GASIFICATION AND IGNITION OF A CONDENSED FUEIL BY A HOT
STAGNANT CAS

M. Kindelén and A. Lifidn

ABSTKACT i

— ) [}

Asynmptotic techniques based on the limit of high acti-

vation cuergy have been used to analyze the ignition process
of a condensed fuel suddenly e¢xposed to a hot stagnant gas.
Several cases are studied differing on the location of the

>

exothermic ignition reaction. In a first part, an analysic

is presented of the gasification process when an equilibrium
process or a rate process is considered to determine the gas-
ification rate, and use these results to study idgnition by

a fast exothermic gas-phase reaction. In a second part an
analysis is presented of ignition by an heterogeneous exo-
thermic reaction including the ceonvective effects of the pgas-
ification Tlow. In a third part an analysis is presented of
ignition by a condensed phase reaction and derive a closed
form expression for the ignition time. In a fourth part an
analysis is presented of the heterogencous ignition process

by convective heating described by a Newtonian law.

Details of these analyses are given in previous Scien-

.

tific Reports.
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I. Introduction

The ignition properties of solid propellants are analyzed
experimentally by exposing the propellant to a variety of hcating
sources, such as convective heating by hot gases, arvc-image fur-
nace heating and heating by hot stagnant gases. This last heating
mechanism is established when a shock wave is reflected by a

propellant placed at the end of a shock tube.

In order to relate the kinetic properties of the propellant
te the results of the experimental measurcments, many theoretical
analyses have been developped to describe quantitatively the

P . - : 1
igniticn process. See the review by Merzhanov and Averson .

In connection with the process of ignition by hot stagnant
gases some numerical analyses have been carried out for models
considering cither en heterogencous ignition reaction without
gasification effects2 or a gas phase ignition rcaction including
the effects of an endothermic gasification reaction, see for
example Hermance et ala.. In addition, a number of approximate
analyses of the ignition proccsses have been carried out, aiwing
at simplifying the correlation of the experimental resultsu-7;
these analyses do not include the convective effects due to

gasification.

Under this Grant we have usced asymptoitic methods to gene-
rate closed form expressions rclating the ignition time to the
physicechemical properties of a propellant exposed to a hot

oxidizing gas, with different locations of the ignition rcaction,
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accounting for the convective effecte due

Lo gasification.

An analysis of the endothermic gasification of a condensed

material by a hot gas was carried out in reference 8. The analy-

also be used to describe the ignition process when a fast

|8

sis c¢an
exothermic reaction takes place in the gas phase immediately afte:

gasification of the fuel.

A summary of this analysis is given in Section II.

The effects of the gasification flow in the heterogencous
ignition of a mndensed fuel by a hot cxidizing gas was analyzed

in reference 11. The results are summarized in Section III.

The analysis of reference 12 refers to ithe case when the

reaction responsible for igmtion takes place in the condensed
phase and the solid is heated by a hot gas. A summary of the

results is given in Section 1IV.

In all these analyses we take advantage of the fact that
the activation energies of the ienition recaction is in practice
large compared with the thermal energy of the solid as was done
for example in referénces 7, 10, 13 and 1%. In order to completc
these asymptotic studies of ignition we carried out an analysis
of heterogeneous ignition of a solid propellant subject to

. P 5 : . e .
convective heating  ~« A summary is given in Scction V.
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IT Endothermic Gasification

In reference 8 we develop a theoretical analysis of the
gasification process of a condensed material suddenly exposed
to a hot stagnant gas. Two different cases are analyzed depend-
ing on wether an equilibrium process or a rate process is con-

sidered to determine the gasification rate.

¥hen gasification results from a rate process described
by an Arrhenius law, the surface temperature, upon contact with
the hot gas, riscecs to an intermediate "jump" wvalue egual to the
one existing in absence of gasification, Gasification however,
cavses the surface temperature to decreasec with time, since
part of the energy coming from the hot gas is absorbed by the
endothermic reaction and, in addition, because the gasification
flow brings celd material towards the surface and blecws the hot

gas awvay.

During an early period in which the decreasing surface
regression rate is still of the order of its initial value at
the jump temperature, the Arrhenius exponent can be lineariwced
around the jump temperature and only the gradient of the non-
gasification temperature profile enters the convective effects,
As a result of these simplifications, the surface temperature
history ~an be described by the solution of an integral equaticn
involving a single parameter A mecasuring the convective effeccts,
Closed form exprossions of the temperature and concentration
profiles are also given in the form of expansions for small and

large values of the non-dimensional time,

For large times, when the difference between the surface

temperature and the jump temperaturc becomes of the order of




arsreme s

the initial temperature difference between solid and gas, +the
complete convective terms have to be retained and the exact

form of the Arrhenius exponent has to be used. However, for
those large times a quasi-similar solution exists when the dis-
tance to- the surface is scaled with the square root of the non-
dimensional time, so that explicit expressions have been obtain-

ed for the temperature and concentration profiles.

When the gasification is assumed to obey an equilibrium

Clasius-Clapeyron condition, a similarity solution exists des-
cribing the temperature and concentration profiles for all times.
In this case, the surface temperature remdins constant at a jump
value determined by gasification effects, different, therefore,

from the one existing in absence of gasification.

The analysis of the gasification process is necessary in
order to study gas-phase ignition by a hot stagnant gas. In fact,
the analysis presented in reference 8 may bc used to describe
gas-phase ignition provided that the gas-phase exothermic rcaction
is so fast that it occurs inmediately upon gasification. In this
case, the results of the analysis may be used if the heat of
gasification is replaced by the difference between the heat of
gasification and the heat relcased by the exothermic recaction. It
is found that ignition occurs only when the recaction is exother-
mic enough to make the couvective parameter (-4) smaller than

two.

The analyces pfesented in reference & should be extended,
following the procedure of references 9 and 10 to study gas-phasc

ignition for reactions with large activation energics.
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III Ignition by heterogeneous reaction

In reference 11 we analyze ignition of a condensed fuel
by hot gases, when an exothermic heterogencous reaction of the

Arrhenius type occurs at the surface,

In the analysis we consider that the activation energy
of the surface reaction is large compared with the initial ther-
mal energy of the fuel, and we use asymptotic techniques to des-
eribe the evolution with time of the temperature and mass frac-

tion profiles.

Previous analysés of this prcbhlem have neglected the con-
vective effects associated with the gasification flow. In our
analysis we retain these effects and show that in general they
are important and, therefore, should not be neglected, without

justification.

As described in Section ITI, the surface temperature raises,
instantaneously upon contact with the hot gas, to an intermediate
"jump'" temperature. In absence of chemical reaction, the surface
temperature remains constant and the width of the conduction
layer increases with the square root of time, However, in the
presence of a surface reaction there are two effects that tend
to mddify the temperature at the surface. First, because of the
gasification flow the hot gases are blown away from the surface
and cold condensed material is brought towards the surface there-
by decriecasing the surface temperature. Seccond, the energy relcased
by the exothermic reaction has the effect of raising the surface

temperature.
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Two different regimes are observed depending on which of
‘these two competitive effects dominates, If the effect of the
convective flow dominates the surface temperature continuously
decreases while the condensed material gasifies. The surface
regression rate is maximum at the time of contact with the hot
gas, and thereafter decreases with time approaching zero for
long times. If the effect of heat released by the reaction do-
minates, the surface temperature increases with time thereby
accelerating the reaction rate. Thisg sclfaccelerating behaviour
causes thermal runaway of the surface temperature at a finite

ignition time.

In the analysis of reference 11, the lowest order solution
for the surface temperature deviation from its inert value, in
an expansion in powers of the nondimensional activation cnergy
g, is obtained by solving an integral equation. A single para-
meter A appears in this equation to measure the effects of con-
vection. There is 2 critical value, Acfﬂ, that separates condi-
tions under which ignition occurs, from conditions in which the

.

surface temperature continuously decreases with time. The exist-

ence of these critical conditions has not been previously sug-

gested, since this criticallity is associated with convective ef-

fects and previous analyses have neglected these effects,

For values of A<2, there is a thermal runaway at an igni-

tion time t et o (A), with the function dign(A) represented

ign ign
in figure 3 of reference 11, and with Tc given by

RZT: (1+T)2 2Ac exp(2E/RT,)
2n
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The characteristic time is inversely proportional to
the ambient oxidizer mass fraction raised to twice the reaction
order of the heterogeneous reaction. The dependence on the
initial gas temperature is mainly exhibited through the term

exp(?U/RTl) where T, is the jump temperature. For all other

1

parameters fixed, the ignition time decreases rapidly with
increasing initial gas temperature. However, when the initial
gas temperature is high enough as to make the¢ convective para-
meter & clase to 2, the walue b o approaches infinity, so that
the ignition time first decreases with increasing temperature
and then increases to infinity.

Our analysis also shows that for larpge activation energy,
the change in oxidizer mass fraction from its initial value is
small and therefore it can be neglected when analyzing the ig-

nition process.

Since the ignition time is strongly dependent on the
jump temperature, it is important to compute correcctly its value,
taking into account the dependence of the thermal properties

on temperature. This analysis is developped in the appendix of
reference 11, and the jump temperature derived in it, is the

one that should be used in all the analyses included in this

Report.

IV Tgnition by & condensed phase reaction

In reference 12 an analysis is presented of the ignition
process of a reactive solid by conductive heating from a hot

stagnant gas. To the best of our knowledge no analysis of this




problem has been presented in the past. The analysis ig also

applicable to iguition of a reactive solid by a hot body wh

the thermal responsivities of bhoth materials are of the same

order.

It is found that in the limit of high activation energy

of the Arrheniuvs exothermic reaction, the chemical heat release
occurs in a thin diffusive-rveaciive layer near the surface.
The solution for this inner layer is then matched to the so

r the outer transient-diffusive region in +the s0lid and

o
to that for the gas phagse: the effects of the chemical reaction

>

appears in these outer regions in the form of surface heat sour-

ces, This two-layer structure is analogous to the one found Ly

The analysis of reference 12, for large values of the non-

. -
1

dimensicnal activation encrgy B, leads to an integral equation
to describe the evolution with time of the surface temperatire
deviation from its inert value. With the appropriate nondimensi
nal variables no parameters appecar in this equation so that on
numerical integration is sufficient to obtain the sunface tempe
ature history and the nondimensional ignition time, Uign:0.3ﬂ3<
when a thermal runaway i1s found to occur. In dimensional vawrioal

the ignition time is given in terms of the specific heat c, ini

ratio of thermal

tial gas. temperature Tgo’ jump temperatare Tl’

. 3

responsivities TI', pre-expomnential factor A, heat rcleased by the

reaction Q and activation energy b by

- \ 't 7/ 1
L(qgo T,) I{i+1)

tign: 0,393 A

cxp(F/RTi)

Ol




V. Heterogeneous ienition by convective heating

Refercnce 15 presents an analytical description of the
hetercgencous ignition of a solid under convective heating by
a hot gas. The heat exchange bectween the gas and the solid is

modelled by a Newtonian law, so that the heat flux from the

gas to the sclid s written as proporiional to the difference
in temperature of the gas and that of the surface of the solid.
The exotherimic heterogeneous reaction is considered to follow

Avrhenius kineti

cs with an activation energy large comparcd
with the thermal energy of the solid. The effects of interphasc

mass transfer are neglected here.

The analysis of reference 15 parallels the analysis of

s S i S s o 3 : :
Niiooka and Williams who studied ignition by Newtonian heat-
ing with a condensed phase veaction. In the limit of high acti-

vation ecnergy, two lIgnition regimes are founc. In a first regime,
for large values of the freguency factor, a short reactive stage
ending in thermal runaway follows a long inert stage. For sinall
values of the frequency factor, the chemical heat release can

be neglected in a first stage, but not in a much longer seccud
stage when the surface temperature is close to the hot gas tem-
perature; no thermal runaway or well defined ignition time

exists.,

Closed form expressions for the ignition {time ave given

for both regimes.
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